Numerical simulations based on a three-dimensional two-way bubble tracking method are carried out to predict bubble motions in a square duct with an obstacle and in a two-by-three rod bundle with a grid spacer. Comparisons between measured and predicted bubble motions demonstrate that the two-way bubble tracking method gives good predictions for trajectories of small bubbles in the upstream side of the grid spacer in the rod bundle geometry. The predicted bubble trajectories clearly show that bubbles are apt to migrate toward the rod surface in the vicinity of the bottom of the grid spacer. Analysis of forces acting on the bubbles confirms that pressure gradient force induced by the presence of the spacer is the main cause of the bubble lateral migration toward the rod surface. Motions of steam bubbles at a nominal operating condition of a pressurized water reactor (PWR) are also predicted by using the bubble tracking method, which indicates that steam bubbles also migrate toward the rod surface at the upstream side of the spacer due to the spacer-induced pressure gradient force.
Introduction
Prediction of departure from nucleate boiling (DNB) in a pressurized water reactor (PWR) fuel assembly is a challenging and important issue for a reliable safety assessment of PWR. Since an extremely high void fraction in the vicinity of fuel rod surface, in other words, accumulation of bubbles on the rod surface, must be the main cause of DNB (1) - (3) , a numerical prediction of bubble motion about an obstacle is an indispensable step in developing a numerical method for predicting DNB in the PWR fuel assembly. Zhang et al. (4) , (5) measured motions of small bubbles in the upstream sides of obstacles in a vertical square duct and of a grid spacer in a two by three rod bundle. They pointed out that bubbles migrate toward the rod surface due to pressure gradient force acting on bubbles, by which a high void fraction region is formed near the rod surface at the upstream side of the grid spacer. This implies that the grid spacer causes the accumulation of small bubbles in the vicinity of rod surface at the upstream side of the spacer in the PWR fuel assembly. This bubble accumulation can be one of the main causes of DNB inception at the just upstream side of the spacer, which has been reported by several researchers (6) - (8) . An accurate prediction of bubble motion about the grid spacer is, therefore, one of the key issues in developing a numerical method for predicting DNB in the PWR fuel assembly. In the present study, three-dimensional two-way bubble tracking simulations are carried out to predict bubble trajectories in the upstream side of an obstacle in a square duct, and the predictions are compared with the experimental data obtained by Zhang et al. (4) . Causes of bubble lateral migration toward the duct wall are discussed based on the predictions. Simulations of bubble motions in a rod bundle geometry are also carried out to examine the applica- 
Numerical Method

Field equations
Bubble motion about an obstacle in a vertical channel is calculated using a three-dimensional two-way bubble tracking method (9) . The liquid and gas phases are assumed to be incompressible Newtonian fluids. The following mass and momentum equations are used for the liquid phase:
where u denotes the phase-averaged velocity, ρ the density, P the pressure, C V the virtual mass coefficient, g the acceleration of gravity, t the time, M D the drag force, M LF the lift force, M W the wall force, F μ the viscous diffusion and α the volume fraction. The subscripts G and L denote the gas and liquid phases, respectively. The bubble motion is predicted by using the following equation of motion:
where u G is the bubble velocity, m D the drag force, m LF the lift force and m W the wall force. The details on the numerical method are described in Tomiyama et al.
Closure relations
The drag, lift and wall forces in Eq. (3) are given by
where n Z is the unit vector in the vertical direction, n W the unit normal to the channel wall, D the channel width and y the distance from the wall. The coefficients,C D , C LF and C W , are the drag, lift and wall force coefficients, respectively. The drag coefficient is evaluated using the following empirical correlation for a single bubble in a slightly contaminated system (10) :
where Re B is the bubble Reynolds number and Eo the Eötvös number defined by
where σ is the surface tension. The following empirical correlation (11) is adopted for C LF :
where Eo d is the modified Eötvös number defined by
where d H is the maximum horizontal dimension of a bubble. The wall force coefficient C W is given by (12) :
where M is the Morton number defined by
Since bubbles dealt with in this study are small and spherical, the virtual mass coefficient C V is set at 0.5. The viscous diffusion F μ in Eq. (2) is given by
where μ L is the liquid viscosity and τ T the shear-induced Reynolds stress. The Reynolds stress τ T based on the eddy viscosity assumption is given by
where I is the unit tensor, ν T the eddy viscosity and k the turbulent kinetic energy. For simplicity, the Nikuradse's mixing length model (13) is adopted to evaluate ν T when simulating flows in a square duct with an obstacle. Since the simple mixing length model is not applicable to a complex rod bundle geometry, a standard k − ε model (14) is adopted when simulating flows in
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a rod bundle. The turbulent kinetic energy k and its dissipation rate ε are evaluated by
where ν L is the kinetic viscosity of the liquid phase and p k the turbulence production rate given by
where D is defined by
The values of the coefficients C μ , σ k , σ ε , C ε1 and C ε2 are 0.09, 1.0, 1.3, 1.44 and 1.92, respectively.
Numerical method and conditions
The above equations are solved by using a modified SOLA method (15) . The geometries of numerical simulations are shown in Fig. 1 . Simulations are first carried out for flows in the square duct with an obstacle, the geometry of which is the same as that of the experiments by Zhang et al. (4) . Then, bubble motions in the two by three rod bundle are simulated to examine the applicability of the present method to bubble motion in rod bundle geometries. The geometry for the rod bundle is a half of the test section used in the experiments by Zhang et al. (5) . Uniform cubic cells of Δx = Δy = Δz = 0.25 mm are used and the numbers of cells used are 40, 40 and 200 for the square duct and 50, 150, and 50 for the rod bundle in the x, y and z directions, respectively. No slip conditions are assigned to the wetted surfaces of the duct walls, obstacle, rods and grid spacer, whereas slip conditions are assigned to the symmetry plane. The wall function (14) is adopted at the wall boundaries for the rod bundle geometry. Fully-developed velocity distributions of turbulent flow are used for the inlet liquid velocity distributions. The initial positions and velocities of bubbles are assigned by using the measured data (4), (5) . Figure 2 shows comparisons between measured and predicted liquid velocity distributions for the mean liquid velocity W = 1 and 3 m/s. The predicted distributions agree well with the measured ones. Figure 3 shows measured trajectories of single bubbles for W = 1, 2, 3 and 4 m/s. In all the cases, bubbles are moving on the center plane in the y direction, i.e., bubble lateral migration in the y direction is negligible. When a bubble is far away from the obstacle, it moves up rectilinearly without any path-oscillation. As the bubble approaches the obstacle, it starts to laterally migrate toward the duct wall. Note that we have confirmed repeatability in the experiments, i.e., bubbles follow the same trajectory when their velocity, diameter and lateral position at a far-upstream location are the same. The solid curves in 
Results and Discussion
Square duct with an obstacle
Journal of Power and Energy Systems
Vol. 3, No.2, 2009 To understand the difference in motion between a bubble and liquid, the streamlines of liquid flows are deduced from the predicted velocity distributions, and compared with bubble trajectories in Fig. 4 . This figure clearly indicates that the lateral migration of the bubble toward the duct wall is much larger than that of the streamline. One of the causes of bubble lateral migration may be the lift force acting on a bubble (16) , (17) . To examine the effects of the lift force on bubble motion, simulations are carried out with and without the lift force (Eq. (5)). As shown in Fig. 5 , the life force is not the cause of the large lateral migration of a bubble in the vicinity of the obstacle. Figure 6 shows the forces acting on bubbles, i.e., the drag (
The largest force acting on the bubble is the pressure gradient force, which directs toward the rod surface, whereas the drag and virtual mass forces direct toward the duct center. Thus the main cause of lateral migration of bubbles heading toward the duct wall in the upstream side of the obstacle is the pressure gradient force induced by the presence of the obstacle. Figure 7 shows the pressure distribution about the obstacle. The high pressure region is formed in front of the obstacle, and therefore, the large pressure gradient in the horizontal direction occurs in the just upstream side of the obstacle. This, in turn, implies a possibility of controlling bubble motion in the upstream side of the obstacle by changing the pressure distribution around the obstacle with a slight modification of the obstacle shape.
Rod bundle with a grid spacer
Then simulated are flows in the rod bundle shown in Fig. 1 (b) . Figure 8 shows comparisons between measured and predicted liquid velocity distributions at z = -0.125 and -2.5 mm for W = 1 m/s. The predicted velocity distributions agree well with those in the experiments. Hence, the present numerical method has a sufficient potential of predicting turbulent flows in rod bundle geometries. Note that the difference between the measured and predicted velocity is slightly large in the vicinity of the spacer due to the coarse numerical grid. This difference however does not affect the accuracy of predicted bubble trajectories since bubble trajectories are not close to the spacer. 
Journal of Power and Energy Systems
Vol. 3, No.2, 2009 As shown in Fig. 9 , the two-way bubble tracking method gives good predictions for bubble motion in the upstream side of the spacer in the rod bundle. Figure 10 shows comparisons between predicted streamlines and bubble trajectories. The relation between the streamlines and bubble trajectories is the same as that of the experiments (5) , i.e., the lateral displacement of the bubble toward the rod wall is larger than that of the streamline in the upstream region of the grid spacer.
Bubble motion in a steam-water system at 15 MPa
To examine bubble motion in the upstream side of the grid spacer at a nominal operating condition of PWR, isothermal simulations are carried out for single steam bubbles with fluid properties of saturated-water flows at 15.5 MPa. The fluid properties used in the simulation are summarized in Table 1 together with those of air-water flow at atmospheric pressure. The bubble diameter for each condition is determined to make the Eötvös number equal to that of the bubble observed in the experiments shown in Fig. 9 . The determined bubble diameters are close to those of bubbles in subcooled nucleate-boiling flow reported byÜnal (18) . Figure   11 shows the predicted bubble trajectories and streamlines of liquid flows. The results clearly show that the steam bubbles also migrate toward the rod surface at the upstream side of the spacer more than the streamlines. Although actual bubble motion in PWR fuel assembly may be more complicated due to phase change, bubble size distribution, bubble-bubble interaction, bubble coalescence and bleakup, this result indicates the importance of pressure gradient force for predicting bubble motion and void distribution. These numerical simulations confirm that a grid spacer installed in a PWR fuel assembly induces a strong pressure gradient in it's upstream region and small bubbles tend to accumulate in the vicinity of rod walls at the upstream side of the grid spacer. Since the high void fraction near the rod wall deteriorates the heat transfer from the fuel rod to the coolant, it is speculated that the bubble lateral migration induced by the spacer-induced pressure gradient force is one of the main causes of DNB inception at the upstream side of the spacer. 
